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SUMMARY

TUhe key steps and the variables in the Fluorescent Penet rant Insp~ect ion IF1II process
were investigvated to (develop improvements and enhancements of' inspect ion capability at
eng-ine maintenance fac ilities. This investigation developed and op~timized surl'ace preparation
proicedures, and other FPI process variables. Using these procedures, improved inspection
capability was demonstrated at the end oft the program. The baseline was defined as Fl'l using
state-of'-the-art surface preparation and inspection procedlures heing currently usedl f'or typical
Ti-6A1-4V and Inconel 718 rotating comp~onents in engine overhaul facilities of' the U SAF.
Twenty AFWAL-furnished low-cycle fatigue tLCF) crack specimens of Tli-(WAV and] Inconel
718 were used as crack standards lor various taskis of' the program. This program was divided
into two p~hases. Phase I provided f'or the definition, evaluation. and opltimization oft surf'ace
preparation procedures for FPI of' Ti-6A1-4 and Inconel 718. This phase included an
investigation of' the effects of surface preparation p~rocedures oin subsequent FPI capabil itY as
well as initial assessments of the effects of' these procedures on the structural integrity oft

engine components, resulting in the f'ollowing important ohservat ions:

1. 8u'4rface prep~arat ion p~rocedures vary great ly between diffterent ovrhaul
f'acilities.

2. Aircraft engine operating environment causes significant red Octim in
capability of' overhaul Fill.

3. Sotme current surface prepiaration p~roceduires (dfengitie comptnco 'tOiit 0io

to FI in an overhaul facility are inadequate and can lecgradt ',\i oI
FI capability.

4. Some current chemical cleaning p~roceduires cause selectivv etching ,
engine components and may adversely affIect st roctural iitregrid Vt sv
compoInents.

Suitable chem-milling processes have been developed for luconel 71S anii
Ti-6AI--V allo ' s. Limited testing results indicate no degradation in
mechanical properties due to the use of' these etches.

6. Sufface preparation procedures shouild be investigated in detail for their
effects on mechanical propjert ies.

Phase II provided f'or evaluation and opt imizat ion of' FPI proicess variables otfher than
surf'ace p~rep~aration p~rocedures. Penet rant dwell time, emulsifier (Hydrophilic) concentration.
emutlsification time, t 'ype of' developer. etc., were chosen as" significant pcss variabfes,
resulting in the f'ollowing important observations.

1. Penet rant dwell time of' :30 min for Group VI NIIL 1-251: tSC MNagnatlux
ZL-:tS p~rovided optimum sensitivity.

2. A 33~', concentration of' Group VI N1liA-2,15C l('Magnaflux ZU- ID)
emulsifier with 2 mim emulsification dIwell provided opt imunm (ondilions
f'or excess penet rant removal.

:3. Wet soluble developer tprovidled much bet ter sensit ivit Y and reliability
comp~ared to a dry developer.

4. St ress-enhanced F151 resulted in much higher sensit ixitY and reliabilitY
compared t(, sfandard FlIT

Note: These observations were made for detection of smoll fatiguie (racks inlitiatedf io smnooth. flat specimens
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SECTION I

INTRODUCTION AND BACKGROUND

Improved fv'lutoii resce nt pui' lt ra t inlspiect ion With1 is of iiiajitr co ntern toi thew Ili ted S tll(-
Air Ftrce. espt'ciali\ tttr advancedl high-performance avrtprittitlsittn sy' stems which ut iizv
mlatel mis to their tiitimiatt caipacit\. Improved FBit capability will rt suit inigreater a.sutratle itt

sat'vt v and inmp rove pw rftormia nte of a irerat!i eni i ie it t iiu nts. 'Ilhe lift' c'yvde ci ist ot t best
comtnue nts has heer iigradiiall l. escaa t ing diuet to tile, use o f, ad vancied inater ialis anrd procttess illg
let'hiiipzes. tlesii compliiexit ies. aindt iaerial iind eilergv siotirages. 'Ilivret'ore. there, is all

ever increasing, lived to utilize these 'omponttielnts to tlit full extent of' their sate lift't. 'ic
sucess mt thlt rt'tireinit -Ir-cautis philttsoph v f~or eligillt' t'ttnipotliilts 1il iiiiaiei\ Tited tot

impirov~ed mltidel(stru('tivet ilispi''tli IN] I tt't'liiies it lithe, altlait ttrin facilities.
It is generally believed that higher sensitivity anid reliabilitv ti' ptttrailt insptectiotln ilt'11
eniint tiverhaul einvirtonimenlt is at mutst tt me(,et tilt, goals ttf retirelielit kor ais.

Illt' FPlI is the itst wiiieiv liseil insptectittnl techniiqtut. aiid perhaps tile only te lchiqueli

ulsetd ttr sttme, critical cttlljittielit insteet lions. '['lie aptparenit ,impitlicil% tttwc(tits!. ad iiilereiii
lv high stl'niliiy are thle miaul advantages (t' this in~spectio tlechnique. But thew aptparet'l

simpi~licity ttf FI is dettiiv andi geilerates a f~alse coliifideiee otf infallibility andi telidellt'\ Itt

ttverlottk sotme of' the biasic tet'hnique reqIitirelnewis. T'he apliarelit ;impllicily itt Fi t l andt

relaf ivv low tmhlasis givten t thet techli(Itic iii Goverilnmet as well as itidustr rv htas indterted
seriows re'search and tievt'lotiiint work inl Fl t . 'Ilit' result is t hat ftinhtiiintal anid aptpliedi
retearth pro~t'tts ill FPI are, nt cou ll. '[hlis sit Oati 1)1 5 clhigiig rztiily ats tiwt ( ;ttytri
nieilt antI indust ry have realized, tiiritigi recent vxpetietice. t hat FPtI is t'alilng short (if tl'e
e'xpect at itins ttt sensit ivitv aiid rt'iiallility required to dctect small surface fatigue cracks. 'I'lle
ntetd for applied FPI rt'starch appidahIt' twt'riai inspeittill i eveli greatcr ill \it'w\ (it' i'
large' diffe'rences ill inspiettioni envuritninents of' titrhatil 1"Il comilpared ito iiinufattiiriiig, and

FPt I t'alailiitv of etigilit' ti,t'riutil t'iilit its inl termis otf pritialtilitY (it dettect ill is
uinkinowin. Ani AFL(' SA AI,'artiii Nlarit'tta study to quiitifv Ni )l capability is inl prtigrtess
SReft'rt'tic l)..A rtetent stu iiv itf the niiitt'elialice VI'lI tapahilit\ o f airtrallile citliititiit'lts

Metf'vrt'lite 2) rt'veaidt't that i tii craceks gre'ater thii o.70 ill. (1.7" cilii will he deteetid w\iti
6 ,proitaliitv ott d'etect ion1 at 95'' citnfidt'tlce level . .'iiiua l c ailtilit it's f'or tellgint'

componttent'its ill aill ttvterhauil clivirtiilent miayt hei assumed. It tilt' asilliptuioll is vallid, this
prt'st'nts at probti'le tor filet demotist ratiton of citomined structural itegrity\ for ill-service
t'lliint t'tttiviltls. It shotuld lie emnpthasized thfat tnt ical crack siit's f'or tilgilli' tttlpillt'ilts

art' gt'iiraliv smaller thani fitr airframec cotmponteitnts. iid eliul t-iutt ilart' stihtecicdtioi
t'vhigh temperatures antd severt' t'iixirotliii'ltal c'oniiittins diirin!i, iligltit' ttjitrttitts. llins

maikinig it riiiith motrt' difficult f'itr "PJ fit? detet ti h aigiie c'raik.

'['his programi nvt'stigatt'd kt'v\ stt'ps atid var-ialties ill tiit, FP~ I fintit-i tt dv'~'l 1 t
iniprttvt'lelt fttr isptec ti t'apabiifit at tii Ii'iiiiiteliauitt' tlicili it-.'s, lit' imlsiigalill

tvaituattet sirti' Iirt'parat ittn pirotctedurtes. a'il tit hiti llnitt't' \ miililt's such ;i',. I vp' itt

pt'titt rantit ttriats. prtti'tssillg I ilt'es. tant irtietu rtes. I ii I iaMc I (t t liicin ,-niralit. till iizit

siirfit'i' lirtitrat in protct'tires w t'rt' dvtvelitfted. I itintilist ratill it il iijirim \t'd i ,:'i- t till

calpability using these proce'tdures was co'ttiited it tlt, ti iitti n oft I li' jirtigr, a nd
ctomparedto f it, h ast' ine iiisptect itin i'ajialilit. Thlilt' clnt s iitf iti'd is I.,FI I iili

sttt-t~aIc( if t, a rlt sirf't'i pirtparat itti ita id inispect ittli iritted iuirt's turrcnIit lit, itiig i tst',t titr I jitt
'I'i-t.A-I 4V and Intitnel T71S rottat ing componenlt'its iii t'lgiiie ivrfiatil facilntit's of 0 til ISAL.
lt bast' 11 if' fte programn c'tnsiste'd oft' itnvt'stigafti tit' FI ptroce'ss vartalilt'sit blier tha ii ti lrfui'

pirepa~ratiton prttt't'iirt's. I eiitstrat itl tof' iiproitents atit illialittii'its using uhf lililill



inspection capabilit y. The flow chart of the program is shown in Figure 1. This final report
covers both Phase I and Phase 11 of the program. An additional contract. F:33615-80-C-560o.
Improved P~enetrant Process Evaluation Criteria, will quantify the increased pertormance and
prohabilit v of' detection (PO)) of' fatigue cracks as the result of improvements and mod-
ifications to the FPI process identified and evaluated in this program.
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SECTION II

TECHNICAL DISCUSSION

OBJECTIVE

The objectives of this program were (1) to investigate key steps and variables in FPI of
aircraft engine components, (2) to identify those which significantly influence the sensitivity
and reliability of FPI in engine overhaul facilities, and (3) to identify or develop optimum
surface preparation and inspection procedures to improe FPI capability of components.

SCOPE

Twentv )' 1 by 6 in. (0.635 by 2.54 by 15.24 cm) AFWAL-furnished low-cycle-fatigue
II,'F1 crack specimens were used to conduct various tasks of the program (Figure 2). The
specimens include ten each Ti-6AI-4V alloy and Inconel 718 alloy. Titanium alloys are used as
disk materials for fan or compressors or cold sections of gas turbine engines, while a
nickel-base alloy like Inconel 718 is primarily used in turbines or hot sections of aircraft
engines. The results of this program can improve the FPI capability of' USAF engine overhaul.
and thereby increase safety and reliability of' USAF aeropropulsion systems.

Phase I of the program investigated surface preparation procedures suitable for aircraft
engine overhaul. Improvements in FPI capability using the modified procedurs were demon-
strated at P&WA/GPI).

Phase 1I of the program investigated FPI process variables such as penetrant dwell time,
emulsification and developers. Improvements in FPI capability using modified process vari-
ables were also demonstrated in another program conducted at P&WA/GPI).

Fatigue Crack Specimen

., -Bottom Surface

A B

" AB Is Specimen Identification Number

* X and Y Are Dimensions in Inches, To Define Flaw Locations

FD 151500

Figure 2. Sketch of AFWAL-Furnished Fatigue ('rack Specimen

4



SUMMARY OF WORK ACCOMPLISHED

Phase I of the program pro\ uided the deiniion. e'vailuation, and optimnizatioin of surf'ace

p repara tioni prttceti res toir F (i tf Ti' -I -lV a Inne -* t'i7S . Bolith of' hese, alli vs are used a.,
engine cott mnent materials. 'I'l( he ase indulii et an invest igat io n (4 if e effects of' stirlfate
prepa rat ion pro cedu tres oil stiI htie n FPI ca a Iilit % as well as effects (it' t hese P r0 ced tire, on
the structural integritY of engine comptonent s.

The Air Force p~rovidedl t wenty by Iw 1Y 6 in. (0.635~ bIw 2.5-1 1) 15.2.1 cm) IA ' crackedl
specimens. 11&WA proivided all other mat erials anld equiipment ne'cessary ft ir the program. The
technical requirements and work accompnllished faOr Phase I of' the program are:

I . lThe su rt'ace prtpa rat ion ptItrocedutres typical of' an itLver hanid engine fac ilit v
were 5uv LI ved and idenitiie d. 'I'This task was actcomnplished fthro ughI direct
interf'ace withI SA/AIA' and It &WA-Stiut hingtutn Service ('enter.

2. Current toverhaul surface p~rep~aratijolt proceduires htave Itceit investigated
f'or effectiveness of' Fl' inspect ion cap~alityv. Motdificat ionis to itle exist-
ing surface preparatioun lprtcedlUres are required fo0r otiiltit resuilts.

'Uese include chemical etches fu(r Tli-GAI-4V as well ats hicnciel 718I.I

3. The f ii lowing effects of' clItenim ill i g etcit pn icedu- Li o~tn thIe st rutural
integrity of' Ti-GA1-4V aind Inctinel 71IS were invest igat ed:

Structural dlegradationtitle tot pt.issile iittegrattular attack. tir

selective corrotsiton

Effects of' chem -mill iig procedures til L (T and creept l'prope-
t ies

.4. ('apahi lit v of' F P1 usinig cu rrenrt st irface p rep a rationi anld itnsp ect io n pro-
ceduires of' aitl AC overhatil f'acility" were quattitified it a demonst rat ion
ctnducted at P&WA/( iP1 FIl facwilities. FNl materials and intspecL tion

parameters used in thIis demntst rat ion were' t hose current lY lbeiltg used in
an ALA' overhaul f'acilityv fur typical Tli-6Al-4\' and Inctinel 718I rottat ing

5t. lImprovemtents in FNI cap~ability uising mtdified surtfaue p~replarat ilt pro-

ceduires were quantified in a sep~arate deimtonst rat ionl ttondutted at t he
'& WA/C l'i assemblyv flootr FI 'acilit v.

Phase 11 tof' thle prtogramt p~rovided for evaluiat ion and tptimtizatio (it' FI'l prticess
variables tther than surface p~rep1arat ion p~rtocedures lt'(r 'li -6Al -4V andi Inlctnttl T7IS. 'l'his ph~avt
intluded definition and toptimizatiton of' imtpoirtant FNt  p~rocess variables. The ttechtnical
requiirementts and wtrk accomtplished for Phase 11 of' t he program art:

1. The proctess variables ti be investigtetd we're' tefiiteti.

2. Each tof' the protcess variables were texamtined iitdtpeltdentlv fur t heir
effect oil seitsit ivit-, and vapatlilitv of' FN' intspecttin.



3. Optimum pr icess variables and enhancements were identified.

4. A demonstratiom prograin was c(nuctd to quantify ' N t he effects of

modified process variables on sensitivity and capability of FI'[ inspectioni
of AFWAL-furnished specimens.

BASELINE INSPECTION AND CRACK DOCUMENTATION

'Twenty AFWAL-furnished L(1" crack specimens were received on the beginning of this
program. Flaw documentation I)y AFWAI, using Group VI Magnaflux ZI,-30) penetrant is
shown in Table I. (Crack lengths were measured by replication and/or direct optical microscope
photographs of the cracks. 'lhe results of' crack documentation are summarized in Talble 2.
Typical crack photographs are shown in Figures 8 and 4.

The specimens were inspected as-received 1  FPI using Magnaflux ZI- 5 (Iwa
ter-washable), and ZI,-22. Zl,-t(3, and Z1,-35 (posteunilsifiable) penetrants. A 3T, Z-IIA
(Hvdrophilic Emaulsifier) was used as remover for postemulsifiable penetrants. ZP-4B dry
developer was also used. ZL-55 is classified as Group IV according to MIL-I-25135t speci-
fication and is a high-sensitivitv, water-washable penetrant, while Z1l-22, ZlI,-0, and Zi-35 are
all classified as Group VI penetrants according to the same specification. ZL-22 has lower
sensitivity compared to ZI-:(0 and Zl,-35. Z1,-35 has the highest sensitivity. 't1w results of
inspect ions in terms oft crack lengths and brightness of indications are summarized in Tables 3
and .1. Linear regression curves of actual crack length vs FlPI indicated lengths are shown in
Figures 5 through 12.

'FABLE I. AFWAI. SPC''IMENS FLAW l)OCUMENTATI()N I.tSIN(; ZL.0

spe., inlen x Y . . .Length

No. .Sirfac" in Woi) in. (ern) in. (cm) Idiuttn
IN 71t8 . ,leimens

34 Bottoii 2.48 mtl3)) 0.28 (0.71) 0,040 WM011 Bright
91 Botton 2.63 (6.68) 11,;t0 tll.761) 0.030 (1.1181 Bright
52 Bottom :1.62 (9.191 0.57 (1.45) 0.030 ((D.()8) Bright
15 Top :t.2) (S.36) 0.20 (10.511 0.030 10.08) Medim
38 Bottom 3.15 (8.01 0.60( 11.521 0.050 ().131 Bright
4t3 Bottom :1.24 04.23) 0.0 11.121 0.040 (().(1 Bright
74 Bottom 2.66 (6.76 11.45 ( 1II (.. It() (0.25) Bright
102 Bottom 3.40 (8.64) 0.50 11.271 0.10)0 (0..251 Bright

16 Top 2.63 (6.68) 11.35 (11.891 0.030 ((.118 Bright
79 Top 3.38 (8.59) 1.32 (0.81) 0.1180 (0.20) Bright

Ti-6AI-41 Spci'inens

27 Top 2.79 (7.091 0.:2 (0.81:1) 0.090 (.229) Bright
5.: Bottom 2.67 (6.78) 01 (01 0.050 X 0.060 (0.127 X 0.1521 Bright
•10 T"op 3.51 (8.92) 0 (0) (1.(16 X 0.005 (0.152 X( 0.0131 Bright
41 Top :1.58 (9.0)) I0 (0) 0.1815 X 0.015 (01.013 X 0.038 Bright
41 Top :3.61 1.,171 0 (0) 0.15 ((0.0s8) Bright
I I Top 2.59 (6.581 0.70 (1.778) 0.030 (0.076) Bright
2:1 Bottom 3.65 (9.271 0.52 1.31211 0.120 (0.3151) Bright
64 Trop 2.72 16.911 0.38 (10.9651 0.020 (1.1511 Bright
79 Top 2.76 (7.01) 0.43 ( 1.0921 0.15 (0.0181 Bright
24 Top 2.A1 (7.11) 0.31 (0 787) 0.030 (1.176) Bright
33 Botton 2.58 (6.55) 01.37 (11.9401 0.080 (0.20:1) Bright
62 Top 2.60 (6.6)) 0.40 1 1.016) 0.080 (0.203) Bright

X and Y are dimensions is shown in Figure 2
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7.

Mag: lOox
FD 165496

Fi~o ic 1. I'iigui C ruck in 'li-6,41-11 V .. ccinici N\o. 64

TlABLE C RAC'K LENGTHS FROMt FIl INDICATIIONS ON INW()NEJ 7 IS FAi 1'; 7E
CRACK SPECIMENS (AS-11WEI'E)

Actual
Specimen Length FIl Length _in. (cmn

,'Sumber in. (cm) Z11-55 ZL.-22* ZL-)(1 ZL-35*

:14 0.0:35 (0.089) 0.0388 (0.097) 0.036B (0.091)I 0.0316B (0.091) 0.039B on i9)

91 (0.029 (0.074) 0.028M (0.071 ) 0.032M (0.081)1 0.025M ((0.064) 0.0317B (0.094)
52 (0.0310 (0 .076) 0.028M (0.071) 0.032M (0.01) (.02613 (0.066) 0.033B8 (0(.084 )

15 0.013~ (0.033) 0.009M (0.023) *0.028M (0.071) 0.008M (0.020) 0.009M (0.02:)

0.016 ((0.041 ) 0(016B (0.041)1 0.016B ((0.041) 0.0168 M(.014))
:18 0.(151 (0. 130) 0.049B (0,124) 0.042B (((.107) 0.048B (0.122) 0.046B (o. iI i 7
43 (0.035 (0.089) 0.0418B (0.104) 0.032B ((1(181) 0.030B (0.0716) 0.0318B (0.0971I
74 0(086 (0.218) 0.099B ((0.251) 0.0871, (((.221) 0.091 B (0.2311) 0.08013 (0.20:1

102 0.075 (0.191) 0.084B (0.21:0) 0.07513 ((.191) 0.083B (0.21 1) 0.092B (01.234)

16 (.1031 ((1.262) ((.1178 (((.297) 0.12(08 (0.305) ((.123B (0.312) 0.1 198 (0:1(121

79 (.108 ((0.274) (0.114B ((1.29(1) (.11 2B (0.284) (0. 1198 (0.302) (.1131B ((0.2S-7

*Zr5is classified as Group IV penetrant according to MIL-l.25I35C whereas. ZI..22, ZL-30, and 71.35,' are
classified as Group VI according to MIL.I.251:SC.

**One indicationl for two cracks
B right

M Mediumn
11 Light
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C'RAC'K NiWWtIMENS (As IE('EIVEI))I A'A HLr4 . C R A C K L EN ;' iS F R O M F N I I N I I ' N SA

Specimen Len>,,th PH 'elngth In (cntw

Numrnber in. (rn I Zl.-5.5 Z,- 2"2* Z.-3' Z1,

27 0)071 40..181) 0.0l(9B (0. 175 1 0.078H ((. 191 0.0761 0. 1!: o, , n j)

0.027 10.I 0) 6l.02618 (0.6)t0 0413111 10.079) 0.0:W4B (40.086 1 4):3 (0 1841
53 0.048 (0.122) 1).047B (10.1 N) 0.,5413 (0.117) 0.0)71 4 0.1 ISO 10.084511 1O 21(;)

41) 0.05:1 (0.1315i OA56B (0.142) 0.1 It 1 ( .1.55 ) (I.(1519 (i. 1.(1I (.3613 (f l)

(0.02( 0 10.05) I 4 10 1 0.U."I ( ) 00.01 10.(53) .1(2B 0 4(). 0) 441-4 0.0() i

(.lA m 10.02(0) 0.01121, ((.;4lOi 0.l061, 10.041) 0.(1,] (0.041 ) OA.IOM I112

1] (10:37 (0.94M4) 0.04:B (0. 1 0i)) O.O4, M 0.] 1O 0.0.1611 fHI 14 Ot.o3B w,440

2:3 0.104 (0.214) 0.)971t 40.24(' 0 .09 l M (0.2:1 ).092B i4.234) 11.1l 10 .2.7

64 0.019 0(148) 0.0 II NI (0.028) 0.04 1I ), (0180m) 0.1)9M (0.0231 .1 1 (1 1 2

79 0.121 1).(4q3) 1.0241B 4MA1I I. O.(.liNI (O.4)1i) 0.016B 11.)41) () 0 0(011 0 2:11

24 . !t0 0.047B I (0.119) 0.0401 10.1024 0.4.1:0 ((.1141 O.4.IH 10.1221

33 0.1317 (0.(4) ).044B (0.112) 0.044B 11.1) 1 1 .438B (0.09.1 ) 0 .0OB 10.11.1

62 0.03:4 14O,81(,) 0.0125B1 (0.(11 0.022M i44415(4 ).021B I (4.44:44 0.02:14 W o.,S

*Z[, 55 is classified as Croup IV penetrant according to MIL.-I 251 5( whereas, Z1 2i 'L ZI. 410, joid Z1, 65 artv
classified as (r.up VI according t, MI-1-251:35(.

B Bright
M Medium
1 L Light

Actual Length - cm

0.0508 01016 01524 02032 0254 03048

0.10 0254 E
- G

,- 0.08 0.2032 .-

C C

- 0.06 0 1524 -J
C) T)

S0.04 01016 (o
C c

0.02 00508

0
0 0.02 0.04 0.06 0.08 010 0.12

Actual Length in
I 1 214 1 64

l.igourf 5. Ac'tl i',s Indicte'zd C'ra'ck I.xn.lth In Im wiol 71,6 I',1 - El.-.-).-)
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Actual Length - cm

0.0508 0.1016 0.1524 0.2032 0.254 0.30480.12;o

0.10 0.254 E

,C 0.08 0.2032 r

C C:
o

-J 0.06 0.1524 -J

.s 0.04 0,1016
CC

0.02 0.0508

0L
0 002 0.04 0.06 0.08 0.10 0.12

Actual Length - in
F() 204 1

Figurv 6. Ac'tual us, Indica' t'd (Crack l.nth in Incn'l 71 'sing ZL-22

Actual Length - cm

0.0508 0.1016 0.1524 0.2032 0.254 0.3048
0.150 0.381

0.125 0.318
c E

0.100 0.254
xC J C

- 0.075 0.191 --1

- 0.050 0.127 5
C c

0.025 .0.064

0

0 0.02 0.04 0.06 0.08 0.10 0.12

Actual Length - in.

F D 204 166

Figure 7. Actual vs Indicatcd ('rack lI'ngth i Inncn 'l 718 IUsing ZL-3T
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Actual Length - om

0.2 0.0508 0.1016 0.1524 0.2032 0.254 0.3048

0.10 00004 0.254 E

S0.08 023

C C

4) 0.06 0.1524 -

x Q)

.y 0.04 0.1016

0.02 0.0508

0 0.02 0.04 0.06 0.08 0.10 0.12

Actual Length - in.
Fr) 204167

Figurc 8. Act ual vs Indicated (Crack Length in Inconel1 TI 'si'ng /L-35

Actual Length - cm
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Actual Length - cm

0.0508 0.1016 0.1524 0.2032 0.254 0.3048
0.12

0.10 0254 E
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C C
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0 .02 0,,,.0o 508

0
0 0.02 0.04 0.06 0.08 0.10 0.12
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Filurc' 0. Actual uIs Indicat ,d ('rack I ,u,'th in Tlitanium (6i,41-4 V IV) in Z1-22
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uriJr' II. Actual us Indica'ed (rack Lng/th in Tit (anium (6AI-I V) I 'sing ZI1-.i)
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Actual Length - cm

0.0508 0.1016 0.1524 0.2032 0.254 03048
0.12

0.10 J00010

0.10 0 254 E

- 0.08 0,2032 :
tb-C,
-) 0.06 000 1524 "

00

0.02 00 E 1__ 00508
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Actual Length - in.
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Figure 12. Actual 's Indicated ('rack Lw'gh in Titanium (1;..l!-I / ' .,n' t -I.
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SECTION III

PHASE 1: SURFACE PREPARATION PROCEDURES

I'oa". I k-otist".tet of, alnvmxestigaion of' surface prteparatioln procedures suitabhle foit
aircraft engine tnaintt'nant t' acilit ies. lFigtirt' I invtideilt' a out line of' t h(l ttthiiical app~roac'h
It r Il his p has.e o f t lit, prt)g ra fii.

I i(I ftlit I IittIit ra nt inIspI ect itoll re Iofi res il )I(illlI'v thiat ilisctilt iniitt i's ittitir atl t lit, inlspect itin

siirf;ttt lihot t het\ histsi lit 1.(,b i w andI free of* sturface' cot'tltniinat ionl. ( itttd cling ii

c~-1ial tti iin rt'liallt pentetranit inicat~tionis.('Great care lutist hi', takeni totassure that tlt-
fiart" art' clean aiid dr.. Iniiliatioll alid defettjin if' flaws detpendt(11)iptil t he flow oftth

pt'lit't ralit [int,' %Im h Itna\ lit' oil a mic'roscoplict crac'k. It is iniiediatel' v apparent that flth- flow
'Iilio take' place- ift fe list titiiit \ is already t iled with tii. dirt, water, painti, oxide. or
,t liur tirtigl i mt r. 'Ilit le aning ttechlniqulivhing tist'd will he determiiinedi I)' thell taie tif

f'ru4ii intteiril ptr'eent and inay re(fuire, eitlher mech-lanical. solvent. etch, or special stirat'

itrtp~tt ito assu.lre adetiquate cleatniig.

\it ht 'ut iitvqiiiattc reiiit\al itt suirface etliinalit junl. relevaliit indicatins iay lit Iliil-li
1 1) the t'l cerant tdoes not enter Ille flaw, (2) thlt jienetrant lost's it, alijlity tol denti

ltxII lie(tuie it rt'aclx \ili ftirt'igi matter alreadY ill the flaw, ori (:0 the( sirfaic
iminttlit 'l urr,,kwinll the flaw- retains enoiugh pent'tranit to imask the( t rt appearit ot

l iit i Hic o~urft ciu'irvlirat ionl protceduires imay1 ciiitassitietl into thlree categtirles t Retct'rii

'nd 1 1t

I Mechanical Procedures: Miechianical jirtteutdirts include grit or \aptir
Wlit g. high pressur w\ater cetaning. tilt rasitniv t'lcanilg. wire liriisliug.
Mlid griniding . :\lthittigli mnethaital mnet htid art soiimles net'tssar\.

hley\ shittild mit he uised ats thle final surfal-ce preptaratioun prot'edtll'c

piartittilarl, h len inspect ing fur track like dtfeu' ts. 'Ilhese procedures tendt
tio slutar utver iliscuilt iniit'is, thliis limiiting, the elffect ivenless tof' the
jt lt1 t unit

- Chemical Procedures: 'h 'lii p roceutiIre., can mIit, su i witssi fi td as
sumrfatct ieltailig andt surf ate etching. Stirfw ac leaninig proitetdtres intcliitdt
ailkaiit'n cltanling fu'r rt'moiuitg rust, stale. ioils. carlittl deptosits. etc.) tid
cetatngm. fur rt'nliig light ttr ht'avv stcale). iftt'ln salt hath cleaning (ftir
ht'axv stale remttviil , and soilvent mtt ictls (vapotr degreasinig 1hir soiu. til,
oir grtast mot suiitalie fuor titannim slilvelt hantd wiping si'itahle for
localizetd tcleanling). Stiae etch proceedures arte used ttt rt'miliit smlearetd

Iittial and thean i'l surate tif, oixidat ioni. 'hll' top' if tt' sulit ahlt for

part icuilar inspectiton tdtpeinds till ft'e matterial and ty'\.pe tufelivirimietit ill
whic'h tilit' u'ttinpuili'li optj e s~. kt'h lnust I~vt' istsl tat iisl '. All tflie,
parts must he thttrotimghlv c'lt'tiui and1 ittit rali/t'u heftire apjila'iig
peltt rait.

Combined Procedures: 'Ilit'se pritiutliri's list' hoth mclitlciltl antId

vihemiu in act ills, ttu stirfact' jirt'jirat itul Examiiple's itt t'tiiihit'il prot
utmitires art' handt ttr pitwtr scriiuliiig wit ii ilu'turg'mi stv'alii %iit Iilet
tm'rget'hi tilt rasotlitc ul'imiig withI dt'gr'asu'rs or okiv'iils.
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Special techniques may be developed to open diurcmtinuitits so that
entrapment efficiency of penetrants is improved. 'F'echlni(LeS such as
stressing by differential thermal expansion, thermal shocks, spinning or
mechanical)y loading have been effective in some cases. \ibrations tin-
cluding ultrasonic vibrations) to clean surface contamination may Jso he
used.

GENERAL SURFACE PREPARATION REQUIREMENTS

The primary purpose of cleaning gas turbine engine parts (Rieference 5) is to remove the
contaminants that might conceal minor cracks and defects, which if not detected cold
eventually lead to failure. 'ro find the incipient defects, a thorough inspection of the surfaces is
necessary, which can only be satisfactorily accomplished after the foreign contaminants are
removed. Therefore, cleaning can he termed a preinspection procedure, and the quality of an
engine after overhaul or repair will depend considerably on the effectiveness of the cleaning
operation. To attain the degree of cleaning deemed necessary, many difficult )roblems are
experienced as the result of the operating characteristics of the engine and the various
materials employed as cleaning agents.

There is no single cleaning agent or process that will clean all of the parts. A cleaning
agent that will clean one set of )arts will not clean another set. or it will attack the alls 'y
comprising the other set. Either way different cleaning agents are necessary, and the selection.
of these agents will sometimes have to be made individually. When this occurs, the basic
factors to be considered are: will the ('leaning agent attack the metal chelically and will it
leave a residue that will cause corrosion? h'le choice of cleaning agents and the process can
generally he satisfactorily made by considering the following points:

1. Composition of the part

2. Nature of the surface of the part

;. Complexity of construclion

4. Type of contaminants to be removed

5. l)egree of cleanliness required

6. Availability of a specific cleavihng agent, eqnipfmelt, and the hazards
involved.

Chemical (leaning is generally specified for most parts and in mlt cases (oes a
satisfactory job. However, a decision should tit he made relative to an piarticular (leaniig
method unless there is a complete understanding fi the miet ials involved i ad the clea nin g
agents t) he employed.

Paris that cannot be thoroughly rinsed should not le cleamaed %%it crrwivm' chemicalk.
Adequate removal of chemical residue from such parts is diffi.uhl, if niot imnissihih, amd will

eventualVly p root e co rrosin.

Parts cleaned by soaking in a chemical solution shoild le remved ihinmediatelv weliei
cleaning has been accomplished. Soaking for at long time may czause dlis(ooliration iir attack the
metal. Immediately upon removal Irn the solution, parts should he rinsed. Parts that are
clean should be thir ughl.v rinsed. air dried, and if not to he pro cessed firther. coated with
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ru s t p revent i% e %d tn prac I it-,al or w hen I here is d anger of corrosion. p rii r to aisseliI Ih .:Am.
cleanling sohit ion shouild be replaced when sludge interf'eres wit h cleaning resutlt or blini
addlit urns ofI basic miaterials tail to rejuvenate the solution.

Gas t urbine engine components should be cleaned only ats necessary' to pertorin adeqIuat,
inispect ions and replairs. ()vercleaning in somle (ases can be more detrimental than blieti iail to,

the prociict ion of quality engines. Bright surfaces, are only obtained with \'igorokis ifet hods and
cannot he ohitailied withoput a sacrifice of some base metal. The repeated use of' these met hods.
tllo wedl 1lv oxidlation anid scale buiildupl in service, can he detrimental to the dimensio nal
stabhility iif thle comiipionents. Fo r this reasion live relean ini shouinld he avid 1ed.

('leanii ng of i nd ividui alI engine parts should h(e for RIn ct h ma purpo ses in ly. and s hiu inb1le
accompl ishedl only * as niecessary fuor the det eetion iof' defects or damage, and fi r eliminatiiin of
cointaminant s Sihas oigrease,.lk'vsae carbion deposit. etc.. which if' disloidged f'rom the
surfaces might restrict oiil or fuel lines ior generallY interfere with iperation if' the engint.
'leaniiig of' parts merely for appearance is Unntecessary andl should not he accoimplished

pro vide'd the quiality oi'i the engine after overhaul will not hie affected. D iscoloirat ion resulting
from heat and tight lY hionded films iof' inert ioxides shiiuld not be removed.

Cri tical s;urfaces such ats flanges. pariing surfaces, and mounting pads shiould be ciutplet e-
IY free (itf fiorvign matter wvhereas the remaining surfaces of' the same p~art shiould not require
such exteinsive cleaning. Suirtace discoloration caused by heat iir chemical action shiiuld be
d isreg ardlei. H ighlv st ressed parts should he cleaned only tio the extenut niecessary ti (det eet all
flaws andl ilni pertect io ns.

IN)ite Ii the manym variables inviilved in the cleaning and inspectiiin iif' gas tuirbine eniginle
parts. it is inmpoussibile to set a standard tior cleaning that wiould apply uinder all ciinditions.
TIheretiore. ti obtain the maxitmm iiverhatil capacity, N while at the samec time priuduciag, at
quality priiuct. the coimbined and mntinuouis ef'forts iof boith cleaning and inslpit ion peisi-
nlel mukst lie exerted toi establish and mnaintain a sat isfactoirv level of' cleanin-. lersonnl

t'iiucerioed niust exercise gii(I judgment and commoin sense to viduncssr laigo
p~arts5.

W\hein cleaning requirements are fihiund ti (lifter f'romi those appriivcd. andl cleaning,_ and
inspectiiin piersoinnel cannoit agree. approijriate actti shiould be taken. IThe cleaning line

repiresentat ives, aiid qualified repiresentat ives, trom Inspect ion should determine thle amiount of
cleaning necesary tio maintain the applicable quality standards.
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TECHNICAL APPROACH

tFhe 'bject ive (of' Phase I was to evaluate and optimize surface prepar,:.tin proiceduore,
suitable tbir aircraf't engine maintenance falcilities. 'Ihle f'irst task in Phase I investigation wats too
define andl ide n ti tv the surface preparation procedures typical of* al rcrah' engine maintenance
f'acilities. A., shown in the flow chart (Figure I), this task was carried out with di rect interf'ace
with enigine m1ainteniance facilities.

't'he Second task was to investigate changes and modifications to the current surf
preparation p~rocedlures usedI by engine maintenance f'acilities to improve F1PI capabilit v oi
si ,ch f'acilities. (Consicderat ion was given to hot h the suirface (leaning- and surf'ace etch po
cedures. Etch procedures were evaluiated 1fbr Tli-6Af-4V as well as Inconel -7 Is.

TFhe third task was to investigate the effects on structural integrity (or co)rrosit in character-
ist ics of' the miat erials clue to the use of surf'ace preparat io n procedures. 'l'h- 1 ,('F and
(,reel)- rulptutre piroperties were evaluated. Strain-cont rolled L('F specimens (Figure 1:11 were
testedl at typical materials operating condit ii ns. T'o evaluate t hf creep effects iof sUrfaCe
preparation procedures, typical creep- ruptutre specimens (Figure 1-4 wvere, tested at operating
coindit ions. TIhe most important concern of' the surface tpretparat iiin pri ccdires wa,, thle
possibility' of degradation of' materials. 'ltherefbire, a thoroug-h metallurgical evaluati on. incild-
ing intergranular attack and chemical depletion. was done f'or surface p~repa~ratin proocedures,
tinder considerat ii n.

In the fourth task, the results of' the Ipreceedi ug tasks were crit icallv examined to, suggest
f'inal miodificat ii ns or changes to the surf'ace p~reparaitioin procedures.

D~uring the ft h task, the effiectiveness of' optimized surf'ace preliarat ion proc eduires
develiipecd bY tIak through 4 wats demionstrated. 'I'he demionst rat ion was coonducted ion
AFWAI.-furnished specimens with niidified surf'ace preparations. T]he inspect ions were per-
fiirm-ed in an (overhaul facility environment at P& WA/( Ii assenmbly fli sir Fl I faci lit .

SIMULATED ENGINE ENVIRONMENT CONTAMINATION

AI\VAI-fiirnished (rack specimens were heated in aircraft engiliw lubricant
spiecificat ion 521, MII.-L.-MSt) fuLmes, and temlperat tre cy\cled bet\\ en rioom telpuirature and
600t i0F tii su bject the sped inculs ti i simulated enlgineC environmient, and t ii cotsaminate suirfaces-
oft the specimiens and cracks. TFhese ciindit ions caused piissiblv the wiirt containinat imi to, he(

encioi'itered on engine ciimii(elntS during eingine iiverhauil cleaning and inspect in iFigures 1,7I

Fat ignte (rack ,p~ecimens were subjected to different state-if -t he-art chemical cleaning
pri ced ores 1t di(et ermine the effIectiveness iif' these iriiduircs. Whienever Fl1 I was lierfi rnecl.
specimens we*re thiiriiughly cleanied af'ter FI'l using uhtrasinic solvent cleaining tii remove
residuial penetrant materials friim fte p~reviious inspect ioiis
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INVESTIGATION OF SURFACE PREPARATION PROCEDURES

('urrent cleaning procedures used at various overhaul facilities, and modifications to
these procedures, were investigated for their effectiveness as surface preparation procedures
for Fill. These cleaning procedures consisted of both mechanical and chemical procedures. The
mechanical procedures included mild vapor blasting and abrasive grit blasting. The mechani,-al
procedures were evaluated on Inconel 718 and Ti-6A-4V coupon samples as well as some
Ti-6AI-2Sn-4Zr-6Mo fatigue crack bar specimens. Surface roughness and metal smear caused
by grit blasting reduced FPI capability due to excessive background fluorescence and reduc-
tion in the penetrating power and subsequent bleed-out of entrapped penetrant from the
cracks. Light vapor blasting, 30 sec, 40.6 to 45.7 cm (16 to 18 in.), 6.89 t 10 Pa (100 psi), did
not cause anyv degradation in FIl capability. In fact, it seemed to enhance crack indications
through reduced background fluorescence and increased definition of the cracks. Figure 17
comnpares the surface roughness of vapor blasted and grit blasted Ti-6AI-4V surfaces.

Chemical cleaning procedures investigated included alkaline cleaning solutions of dif-
ferein types and strengths, alkaline permanganate solutions, carbon solvents and carbon
removers. acid descaling solutions, chromic and phosphoric acid solutions, inhibited phos-
phoric acid solution, vapor degreasing and cold solvents (MEK, trichloroethane). These
cleaning procedures were used on coupon samples and/or contaminated fatigue-crack speci-
mens. The chemical cleaning procedures tested were all effective to a limited extent when
pro perly applied. However, none of' these procedures completely removed all of the simulated
engine contamination, but enough contamination was removed to prevent large-scale back-
ground fluorescence during most FPI. For those cases where chemical cleaning procedures
were not effective enough, a light vapor blast following chemical cleaning rediced the level (<f
background fluorescence during FPi. However. for maximum FilI effectiveness, a chem milling
(,nonselective) etch procedure was conducted after vapor blast. It is recommended that in any
case where vapor blast may be applied heavily enough to cause metal smearing that the chem
milling procedure be used before FIl.

l)uring this investigation it was also determined that son of the cleaning procedures
may be degrading the components through selective etch. For example. a chromic and
phosphoric acid cleaning procedure is recommended by TO (Reference 5) for both nickel and
titanium alloys. The solution was used on polished coupon samples of 'Ti-6AI-.IV and Ihconel
718. Evidence of etching of a 'Ti-6AI-.4V sample was observed after immediate rinsing with hot
water following the cleaning procedure (Figure 18). In the case of Inconel 718, a very
interesting pimennmienon was observed. After dip and spray rinsing with hot water following
chromic-phosphoric acid cleaning, the Inconel 718 sample surface did not show any change.
But after 12 to I1f hr of hold time following the cleaning and rinsing procedure, the surface
exhibited :4elective grain boundary attack (Figure 19). Such seleclive etching, as a result of
current chemical cleaning procedures, could possibly degrade material performance of the
engine components, particularly IA'F and creep properties. On further investigation it was
found that it is chromic acid which causes etching of' both Inconel 718 and Tl'i-tiAl-V.
Fort unately, it was found that if the chromi( and )hosplihoric acid cleaning procedure iaas
followed )y an alkaline cleaning procedure before rinsing with hot water, the delayed etching
on Inconel 718 can be avoided. "l'hi is encouraging, since the ('hromic-phosphoric acid cleaning
proIcedlure is remarkably efficient in remoiving c intaminati, in from metal surfaces.
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CHEM-MILLING ETCH EVALUATION

('hemical cleaning procedures are generally not adequate to completely remove surface
contaminants from engine components prior to FPI. Mechanical cleaning in conjunction with
chemical cleaning can clean the surfaces effectively, but such procedures may close the ('racks
or surfa'e discontinuities because of metal smear. Therefore, an extensive etch development
and evaluation program was undertaken to suggest suitable chem-milling type etches for the
enhancement of' FPI capability.

A nitric and hydrofluoric acid etch was chosen for Ti-6AI-4V. Many variations of this
etch are used in industry for chem-milling etch of titanium alloys. So instead of developing a
new etch, a composition of nitric-hydrofluoric etch was chosen which would give a reasonable
rate of metal removal without causing selective etch. The composition of this etch is given in
Tablle 5. The effect of this etch on LCF and creep properties of Ti-6A1-4V is discussed later.

Suitable chem-milling etches were developed for Inconel 718 by detailed investigation of
various combinations and concentrations of acids and salts. Metal removal and intergranUlar
attack was used as criteria for initial evaluation. Microprobe analysis was then used toi
compare chemistry of the chemically etched surface to the chemistry of nonetched surface f' a
sample. Over 2-1 different solutions were investigated. Out of these, two (No. 21 and No. 9B)
were chosen as most satisfactory based on metal removal, I(;A. and selective metal depletion.

The compositions of these two etches are given in Table 5. Both the etches will qualifv as
good etches on the basis of generally accepted criteria for etch development. But in this
program. additional criteria of low-cycle fatigue and creep-rupture evaluations were used to
finally determine suitability of etch. According to these criteria, it had to be demonstrated that
the use of the finally selected etch will not degrade LCF and creep properties at ty'pical
operating conditions. The results of these evaluations are discussed next.

Effect of Chem-Mill Etches on LCF and Creep

Test ('ond itions used to compare strain-controlled IXF life of baseline (nonetched) and
etched materials are listed in Table 6. All ICF specimens were vibratory finished (Sot-
ton-barrel). For each material, three specimens were tested with this surface finish for a
baseline, while the other three were etched before testing to compare the effect of etching.
Only etche(I specimens were tested for ('reel) at conditions listed in Table 7. The results of
creep testing were then compared to baseline properties available in open literature and
mat erial spe('ificat ions.

The results of I('F and creep) testing are summarized in Tables 8 through 12. It is
apparent that the initially selected etch for Inconel 718 (solution No. 21) degrades I,(CF life of
Inconel 718 1w)v about 50', at 1000 F (5:18 0C) and strain-range of' 1.25', . Therefore. solution
No. 9B was ('hosen as an alternate. Solution No. 9B does not appear to degrade I,('F and ('reep
life (''ables S and 12). iPreliminarv results indicate that the adverse effect of solution No. 21
et ch on I' F propert ies of I nconel 718 may be due to selective etching of a vibratory-finished
surfac('e by this solution. There is no degradation in 1( 'F and creep life of' Ti-6A-4V due ti)
nit ric-hYdrofluoric etch.
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TABLE 5. CHEM-MIIL ETCH (OMIOSI'I'I()NS

Ti-6AI-4V Etch.

HNO, HF H., T'mperature

35' :1.5', 61.5' Room Temperature

Inconel 718 Chem-Mill Etch:

Solution No. 21

HC1 HNO, _ HJ')( ItU FeC1, ('SO, Na.VOt, T,'mrpratur"r

:15', 3", 5', 57', 20g/gal 36g/gal l0g/gal 1301F (54.4°(')
(5.2Sg/l (9.51g/l I 2.64g/l1

Solution No. 9B

H(Cl HNO,. H20- Fe('l, ('uSO, Tlemperatur,"

45", 51" 50', 20g/gal 36g/gal 130°F (54.4°C)

(5.28g/l) (9.51g/)

TABIE 6. STRAIN-('( )NTROL()lEI) I,('F TEST ('()NI)ITI(NS

Strain- Mean F~rcque'nC 11at- Trcut

Material Temperature S a, ', Ntran (-Jt) (trditi'n

'I'i-6AI-.IV Room 'lemperature 1.25 0.625 20) S1'

Inconel 718 I X()0F 1538C0t 1. 25 I0.625 20 SI'

SP1 - Solution Treated and Precipitation Hardened

TABLE 7. ('REElP TEST ()N)ITIONS

tteat- Treat

Material Temperature Stres.s 'onditt,

fi-6AI-4V 6(X)F (316() 117 ksi (806 MPa) SI

Inconel 718 12MPF (649() 1(K) ksi (689 MPa) SI'

S11 Solution Treated and Precipitation Hardened

TABLE 8. STRAIN-CONTROLLEI) LCF
TEST UESITjTS FOH IN()NEI,
718

('' h't t. t

Specimen Failure

398q 3,11W

Baseline 399 3047
40M 3070

Etched with 422 1883
Solution No. 21 42:) 1776;
15 minutes at 130F 424 1577
(54W)1

Etched with 425 39KM0
Solution No. 9H4 426 4016
15 minutes at 130*F (54)(' 427 4625
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TABLE 9. STRAIN-CONTROLLEI) LCIF
TEST RESULTS FOi
Tli-IiAl-4V

Specimen Failure

410 12,826

Baseline 385 13,555
376 11,948

Nitric-Hydrofluoric 431 8,256
Etch for 15 min 432 14,044
at RioomTemperature -- 43:3 16.291

TABLE 10. EFFECT OF CHEM-MIIA,
(SOLUTION NO. 21) ON
CREEP CAPABILITY OF IN-
CONEi, 718

Sjress : 1) ksi (689 Ml'a) Temp 1200" F (6-19' C)

Specimen No. Hours b, Failure

416 165

417 197
418 152.4

Minimum Hours, to, Ruplture per AMS 5 1;., 2 hr

TABLE I1 ;FFE('T (V NIICIf('
HYID OFII ()1€1C F''(tC ()\

('IEEI' (\I'AIIIT' ()VF
Ti ,Al 1\

420' J'

421 I' " .1

"Tests dlico lnti lued *,. , ,.,~ 1'*- tsor ,-', .,,' t1h

expected life

TABLE 12. IIFFE("I ()I ( IIM MII.I.
5 (11.1 T(IN N( '14, (H N

('IEEI' (\I'A ,II.IT (IF IN
(')N I T,I

Sress Iwo k.i (M89 Ml'n 1.'lp It F (h19 C ;

Spv, men No, Hfq.r% to Fuailrt

4:35 152 1
4:36 141,5

437 1495
Minimum hours tA rupture pwr AMS .r;A is 23 hr
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SECTION IV

PHASE II: FPI PROCESS VARIABLES

D uringy Phase 11 of the program, FI'l process variables other than surf ace preparat io n
procedures were investigated. Figure I includes the technical ap~proach for this phase.

Important FlPl process variables are discussed briefly (References :3, 4. andi 6).

1. Penetrant Selection -- Select ion ot' penet rant for inspect ion of' at componen1(lt tlepund&
miainly, onl crtitcality ot' the part, sensit ivit V desired. condlition of thle surface to be exam i edl.
ant ilthe cost of inspect ion. Other factors involved inl select ion of' penet rants are size, shape. andl
inumber of' parts to be insp~ected. accessibility of' inspection surfaces, and type of' facilities anti
eqluip~ment available for the inspect ion. Th'le following is a list of' three general types of
fluorescent peinetrants, inl order of' decreasing cost andi decreasing sensitivity:

1.I)oStC11l~Sif'iable'
2. Solvent -removable
:. Water-washiable.

Wit hin eatch of these three I ' pes. thbere are ci if ferent sensitivity plenet rants availabic. Air Force(
Sp~ecificationl N1I I - I-2.51 ' cCiassifics, flut rescetit penet rants inl four sensit iv groUif)s
tiescribedI below:

Group IV Water-washable f'luorescent penetrant andl a diry. wet, or non1a-
(tltitiis \v0t (le\'eh per.

G~roup) N' ostenilsifiable flujoresceiit penetrant, anl enitilsifer. and a
&Y r, wet, or in naquel us wet dieveloper.

Grocup VI H ighi sensit ivi ty. postemuI sifiable fluorescent p~enet rant. anl
enitilsifit-r. andl a &rY, wet. icr nonaquceotis wet dieveloper.

G roupi V II Aeroso sctanus of roip VI soldye nt remivallt fl uo rescent tien e -
rant . cleaning remnoyer, a iii a nonliac) leo us wet develItope r.

2. Method of Applying Penetrant Th'le mlain met hi s of' apply\in I atat rsig

(lijpping. andI spra~ving. 'llt miethodI to be usedl dlep~ens oni size anti tYpe of' t e piart to be
insplect ed, inspection e nvi ro nmen)t, andl t 'ype of inlspect i i equcipmen t a va iIabl)e. Wh at ever
miethod of' application to be used,. it is essential to thorotighfv wet the area of the part to be
insp~ected.

3. Penetrant Dwell Time 'I'lhe tlinme reijuiretl for opin um penetratioil is uisually dte-
teriined cxierimientall.N or bY past experientce. 'Ilie norimal dIwell tinme is from 2 to 30) iii.
Longer pienetratioin time is preferable foir fat iguec tracks or service inield f'laws. lprtviilecI l th
pienet rant (toes not dry on the surfiace of thbe inspection p)art.

4. Temperature of the Part/Penetrant Maximuim temnperat tire of' thel inspectedl part
according to mo1st references anid specifit-at ions, is rest ricteil to 10 tot t1 25'0l ;8 to 52'(' ) for
F111. keceilt research, however, indlicates that 100 to I 25 0I' tempeiratuore limit oil conventional
fluorescent pellet rants (coniforinig to MlIL- 12:1I 25(' i'- too restrictive andl that temperat ures
as high as 200" F I9:t0( ni may be tised illn many cases wit bout any\ adlverse e-ffects. 'Ic mpera tire
limits oft 100 to 12.50 F t39 to .72o(' is jus) ifiedI becauise most of the( pvc-utrants tresentk lv iulse
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are, not stable for high tenhlperat tire app~lication 1creating washalbility problems). Research work
is ctnt ning fo~r tlevO'ojient of high sensit ivitY. high temiperatuore penet rants ( Reference 81
AbilitY to use higher temperatutres may enhance FN' reliability and seilsit ivit V.

5. Excess Penetrant Removal -Penetrant remoival is considered to lie the most izimortant
step in the prticessing of' parts for inspection. Tight control of' the various paramneters mnust be
maintained to assure reliahle results. Overwashing o f part,, will remove the penet rant froom the4
discont inuit ies while underwashing will result in too much backgrmiinl fluorescence and mask
real indications. Water temperature and pressures should be controlled for best results. For
post em ulsifia b)le Pe net railts, emrulsification times, depend tin type i)f penlet rant and emnulsifier
used, the typie oft surface tinder inspection, the level of sensitiv-ity- desired, and the type of' rinse
tused. For solvent removable p~enetrants, amount and method of solkvnt use shod Ie
toni rolled.

One of the important improvements; for postemuvlsif table penetrant s in aircraft engine
inspect io n facilities is the use (ot hydro~philic enmulsifiers in place of' lipophilic emulsifiers.
Hvdrophilic emulsifiers are more efficient, more tolerant to proicess variables, and

co~t effetie'lhev also cause no corrosive effects as a result of' residual emiulsifier remaining
on the coimpoonents. Recent inmpro vements in water-washable penetrants indlicate their suit -
abilityv for some engine componeilt.1 in overhaul f'acilit ies.

6. Drying Parts must be thoroughly dried betbire developer is applied. lDrving temnperaturet
and time shoiuld be c hosen such that there is no degradation o f penet rant. A clean blast of air
can also, lit used for (Irving purposes.

7. Application of Developer -The developevr action is considered toi le a combination ofi
solvvi euv, adso~rption, and absorptioon effects drawingv residual penetrant too the surfacet fromi the
dliscontinities, D et eloper also provides contrast fo r brighter indications. D~ry, wet. unnAquvmil
wet, and filmn type developers, are in common use. Select ion of' develo~per plays a verY
rnpoirtant role in the sensitivity and reliability of' inspection. Select ion depends oin the t ypk

and size of' parts, surface coindition, geometrv of' the parts, loication oft flaws anid the ty pe ff
facilities. Optimum dlevelop~er piarameters can be determined only by exp~eriment and plast
experiences.-

TIhe hmethod o~f appl\-ing developer should also be carefully- selected. Tlhe developcr must
compiletely cover all areas 4~t the p~arts to be inispected, yet excessive co)ating mlust lie avoided
to pirevenit masking o)f indications. D~eveloper time muist be adequate lieflire inispetting the
p~art.-

S. Black Light Intensity The black light used in fltiurescent pienet rant inspect ion pli-k at
3650( Xmigst rumr units. Hecommended intensity level is 20ut ft-c at 12 in. (tttt-8M I Background
white light shtould lie minimized for highest st'nsit ivity. Black light int('nsit v levels and
alb twable white light c-an Ie relaxed in mnany inspe-t ion sit nat ions.

9. Inspector Tlhe inspectohr is one of the miost impiortant factors in assuring a reliable
insliec it n. Inspect ion quality is no betfer t hani the aliilit v of' the inspector to find imidicat ions1
andl ilterlirt themn. Qualification, interest, and awareness oii' importanve of' his (dec-isioni art'
some of 14i? qualitit's of anl inslitt'tir which directly intlulence his abiility-. Thbe conditions uinider
whic-h an )pt'ratg r wI irks also affect his ability. There has bieen recetnt eff'o to automiate V14.
unfo~rtunatelyv, the humnan factors of' F14I currentl lv cannot be replaced liY aitoniat imi iand oine
has too full.\ apupreciate' opeirat or -arililit>- oft FP[.
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FPI IN OVERHAUL FACILITIES

'[hle method of Ff1 in overhaul f'acilities is similar to a production environmenlt. 'Ihel
met hod essential cosit oappl ' ing p~enetrant onl the components, and after the penet rant
has had time to enter the discontinuitijes, the excess p~enetranlt is removed. the part go(-.,
through it Irving tprocess, and then developer is appl iedi to the surf ace. TPhe penet rant which
had heen ent rapped in the discontinuity' is drawn to the surface by the developer and produces
characteristic indlications which are examined by anl inspector.

For over a decade semiiattomiated penet rant inspect ion systems have been in uise in
overhaul facilities. U.sually these svst ems consist of' several in- line stat ions, with engine
,omlponients beingu t ransp~orted 1'romi station to stat ion by mechanical handling svt ms he
stat ions may consist oif:

1. rying to remove anyv moisture away f'rom the p~arts

2. Soak in a temperature controlled penetrant tank (varying dwell timte is
generally used depending onl colmponents)

83. lPrerinse stat ion to remove some excess penet rant

1. C ont rolled time dipping in anl emulsifier tank

5. Rinse stat ion. usually consisting (of' water spray

t6. Air circulating cont rolled temp~erat ure drying oven

7. Developer stat ion

S. D~eveloper drying stat ion if' a wet developer is used

9. Black light insplect ion loot h.

'['hlese semiatitomiated f'acilities, when flroperl ' planned and set up.) should p~rovide uiniformn
pro cessingv for the same tYfle (If components as required in inspection1 procedures. 'Ihlese Units
are pref'erred to( hand -processing uinits. hut at small hand -processing unit is always coiexist ent
with semiatitomatedl units to handle small fiarts aind speciaizedl nonrocitine inspection items.

Stress-enhanced or win k Fl'f is sometimles used onl selected suit able comlplInent s. T[he
met hod was introduced for increased sensit ivit v and reliabilit v for detectiiig tighIt flit igue
cracks or cracks filled with contaminants toi increase tpene'trant flaw entrapment efficiency
Unfort unat el '.v often this met hod is not prop~erly apptlied or is not considered for fear of' the

time f'act or involved in st ress-enhanceO' inspect ion. Recent %\o(rk unde-r A FWAI. sponsorship
has dlemonstrated that significant improvements in sensitivity' and reliahility of W.PI can he
achieved by, new advainced st ress -enhanced F PI p roceduores (Re ferenmce -, . 'I 'here has b eel 0 0

st ilv conducted to( colmpiare the time and cost f'actors involved in stress-enhanced fPl 1 vs
focused eddy current inspect ion. InI some instances st ress-enhiamced FP I miaY he more suit able
and capahle than olther insp~ections. Also, as a complementary inspection to oIther inspect ions
Stich its eddy' current, stress-enhanced Fl11 may, increase reliabilit v of' the overall inspection
and decrease thle time involved in evalumat ing false i nd icat io ns.

Even though thle FfPf fprocedure is basically the same f'or nanilacturing and overhaul
inspect ion, the catpabilities may varY vastly. '[hel( main reasons biOr lower senisit ivit \ and
reliability of' ove rhaul inspectlin are: (1It floor ,uirface coili on of conimfneils t nicks. (ings.
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deep scratchs, etc.), (2) contaminants such as carbonized oils, oxide films, corrosion, and paint
on the surface or in the discontinuities. (3) abrasive cleaning procedures used to clean the
parts, (4) compressive stresses on the surface of the component, (5) poor process-variable
control, and (6) human factors like variability of training, experience, and job interest.

TECHNICAL APPROACH

The objective of' Phase II was to evaluate and optimize FIP process variables as they
relate to aircraft engine overhaul facilities. The results of Phase I and Phase It can lead to
improvements in the state-of-the-art FPI capability of these facilities.

The first task in Phase II investigation was to define and identify important FPI process
variables which significantly influence sensitivity and reliability of FPI in aircraft engine
maintenance facilities. As shown previously in Figure 1. this task was accomplished by direct
input from and interface with such facilities.

The second task of' this phase was to investigate the effects of various process variable-
on FPI capability of typical aircraft engine maintenance facilities. The goal of this task was to
develop improvements and enhancement which may be utilized in aircraft engine maintenance
facilities

The third task evaluated the results of Tasks 1 and 2. These tasks were critically
examined to suggest final modifications, iml)rovements, and enhancement techniques to the
current FPI practices of typical aircraft engine maintenance facilities.

The final task of Phase 11 was to conduct a demonstration program using the surface
preparation procedures developed in Phase I and optimum process variables developed during
Phase II. The inspection of specimens was done in an engine maintenance inspection
environment at the P&WA/iPl) assemb)y floor FPI facility.

EXPERIMENTAL METHODS (PHASE II)

I)uring investigation of process variables. only one proces's larameter was varied at a
time, all othtrs were held constant. Before any inspections were perf'ormed or.
AFWAl.-furnished specimens, the specimens were ultrasonically cleaned for 2 hr to remove
any toreign material and residual penetrant materials from previous inspections. The
Ti-6AI-4V specimens were (-leaned using methyl ethyl ketone (MEK) as solvent, but the
Inconel 718 specimens were cleaned in trichloroethane. After cleaning, the specimens were
allowed to dry bef'ore the penetrant was applied directly on them and allowed a 30 min dwell
unless otherwise determined. l)uring emulsification, the specimens were immersed in a beaker
containing hydrophili o emulsifier solution. An automatic stirrer was used to provide good
agitation oI' emulsifier around the specimens. The standard emulsification time of 2 min was
generally used unless this time was deliberately varied to investigate this parameter. 'Ihe
specimens were washed with water after emulsification. The specimens were checked under
black light to ensure that all the excess penetrant had been removed. Excess water was
removed 1) v:0 to 60 sec application of dry air before a wet soluble developer was applied. If
dry developer was used, the drying operation was done before the application of developer.
After developing f'or 8 to 10 minutes the inspections for cracks were done under a black light.
The general experimental procedure is outlined in Figure 20. FPI process variables in-
vestigated in Phase II are summarized in Table 13.
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TABLE 1:3. PHASE 11 - FPI PROCESS VARIABLES

Process Variables Values

Penetrant Dwell Time 5 min, 15 min, 30 min, 45 min

Pre-Emulsification Wash Wash, No Wa.io

Emulsifier Dwell Time min, I min. 11. min, 2 min, :3 min

Emulsifier Concentration 15', , 25', , 33, , 45',

Developer Type Wet, Dry

Wet Developer Concentration 4 oz/gal, 8 oz/gal, 12 oz/gal

Developer Dwell Time 5 min, 10 min, 20 min

Stress Enhancement Stress Less than 30', of yield (Reference 7)

TEST RESULTS (PHASE II)

As discussed previously, the important FPI process variables chosen for Phase II
investigation were penetrant dwell time, prewash with water before emulsification, emulsifica-
tion time, emulsifier concentration, developer type, and development time. Penetrant dwell
times ot' 5. 15, :10, and 45 min were chosen to determine optimum dwell time. The 30-mi
penetrant dwell time provided best sensitivity without any potential of' penetrant removal
problems. The results of penetrant dwell time investigation are summarized in Tables 14 and
15. Prewash or prerinse with water before emulsification did not result in any increase in
sensitivity of flaw detection. hut did reduce emulsification requirements. A prewash is also
supl)posed to minimize the contamination of emulsifier by penetrant. Emulsificatiotn times of
12, 1, 11 . 2. and :1 min were used to determine optimum time of emulsification. Tables 16 and
17 summarize the effects of' emulsification time on FPI of Inconel 718 and Ti-6AI-4V,
respectively. Emulsification time of V2 to 2 min gave optimum inspection results. Emulsifier
(Magnaflux ZR-It)) concentration was varied at 15. 25, 33, and 45', levels. The effects of
emulsification concentration on FPI capability of both Inconel 718 and Ti-6A1-4V are sum-
marized in Tables 18 and 19, respectively. A 33', concentration of' ZR-I0 emulsifier appeared
to provide best results. Wet and dry developers were evaluated f'Or their effectiveness on FPI
capability. The results of this evaluation are summarized in Table 20. Wet soluble developer
provided much higher sensitivity and less background fluorescence compared to dry developer.
Wet soluble developer concentration was varied in a separate investigation. The results of' this
experiment are summarized in Table 21 with the 8 nz/gal concentration providing the best
combination of sensitivity and background fluorescence. Stress-enhancement provided much
better sensitivity and reliability compared to standard FPI. Results of stress-enhanced FPI are
summarized in Table 22. Stress-enhancement fixture is shown in Figure 21.
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TABLE 20. EFFECT OF WET VS DRY )EVELOPER USING INCONEL
718 AND Ti-6A]-4V

Developer No. of Indications Comments

ZP-4B Dry Developer 3 Light
Inconel 718 1 Medium Too much background

3 Bright

3 No Indication

ZP-13A Wet Developer 6 Light
lnconel 718 1 Medium Minimal background

2 Bright

I No Indication

Titanium (6AI-4V)

ZP-4B Dry Developer 4 Light
Ti-6Al-4V 0 Medium Too much background

:1 Bright

4 No Indication

ZP-13A Wet Developer 7 Light
Ti-6AI-4V I Medium Minimal background

3 Bright

0 No Indication

Total: 10 Cracked Specimens

Other Parameters: (MIL-I-25135C, Group VI Penetrant Materials)
Penetrant - ZL-35 - 30 min
Emulsifier - ZR-10 (Hydrophilic) - 2 min ' _
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TABLE 21. EFFECT OF WET I)E
VELOPEIR CON(ENTRATION
USING INCONEL 718 AND
Ti-6AI-4V

Concentration No. of Indications

ZP-13A 4 oz/gal
Inconel 718 6 Light

0 Medium
I Bright
:3 No Indication

Ti-6AI-4V 2 Light
1 Medium
2 Bright
6 No Indication

ZP-13A 8 oz/gal

Inconel 718 5 Light
I Medium
I Bright
.3 No Indication

Ti-6AI-4V 5 Light
I Medium
2 Bright
.3 No Indication

ZP-13A 12 oz/gal
Inconel 718 7 Light

0 Medium
I Bright
2 No Indication*

Ti-6AI-4V 3 Light
2 Medium
2 Bright
4 No Indication

Other Parameters: (MIL-1-25135C, Group VI Penetrant
Materials)

Penetrant ZL-35 - 30 min
Emulsifier ZR-10 (Hydrophilic)

*Excessive Background

TABLE 22. EFFECT OF STRESS-
ENHANCEMENT ON FiNl
CAPABILITY

Material No ,,f Indications

Inconel 718 :3 Iight
2 Medium
5 Bright

Ti-6A1-4V 6 I,ight
4 Bright
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SECTION V

DEMONSTRATION PROGRAMS

The objective of this portion of the contract was to develop implementable method
improvements for overhaul fluorescent penetrant inspection of turbine engine components.
Phase I of the program developed surface preparation procedures, and Phase II optimized
other FPI process variables for improved FPI capability. Three demonstration programs were
conducted in order to show these improvements. FPI for these demonstrations was done on
AFWAL-furnished fatigue crack specimens in an inspection environment representative of
engine overhaul FPI. The three demonstration programs used the P&WA/(PD assembly floor
FPI facility for:

1. Baseline demonstration using current surface preparation and FP1 pro-
cedures for typical Ti-6AI-4V and Inconel 718 rotating components of gas
turbine engines. Test conditions are summarized in Table 23.

2. Demonstration using surface preparation procedures developed in Phase I
of this program for these materials with test conditions summarized in
Table 24.

3. l)emonstration using FPI process variables optimized in Phase II of the
program with the test conditions summarized in Table 25.

TABLE 23. BASELINE DIEMONSTRATION PARAMETERS

Surface Preparation Procedures
(On contaminated specimens)

Inconel-718 Vapor degrease. carbon remover soak (C'- 111) at 1:30 to 1401 F (54
to 60

0
C) and hot water rinse (two timest, light vapor blast, vapor

degrease (Reference 8)
Ti-6Al-4V Soak specimens in alkaline rust remover at 180 to 19

0
°F (82 to 88°(')

for 5 min. light vapor blast (Reference 9)
2. Penetrant 30 min dwell

Group VP*
Magnaflux ZL-'0

:t. Emulsifier 1I, min dwell
Group VI
Magnaflux ZE-4A lipophilic emulsifier

4. Rinse in water
5. Dry in hot oven
6. Dry Developer 8 to 10 min dwell

Group VI
Magnaflux ZP-4B

*All- group classifications to MII,-1-251 t5C
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'TABIE 24I. PHASE I I)EMONS'HAION PAI{AMEIEI S

Surface Pr'paration Procedures
Inconel 718 Vapor blasting and etching with No. 9B etch at 1:30'F fir 2 min
Ti-6A1-4V Vapor blasting and etching with nitric-hydrofluoric etch at room

temperature for 3 min
2. Ienetrant 30 rin dwell

Group Vi*
Magnaflux ZL-30

3. Emulsifier I rin dwell
Group VI
Magnaflux ZE-4A lipophilic emulsifier

4. Rinse in water
5. Pry in hot oven
6. f)ry Develper 8 to 10 rin dwell

Group VI
Magnaflux ZP-4B

*All group classifications to MIl-l 25135(

'IABLE 25. PHASE Ii i)EMONSTRATION PARAME-
TFERS

I. Pe'netrant 30 min dwell
Group VI
Magnaflux ZI,-;t

2 Emilsifter 2 rin dwell
Group VI
133 concent ration
Magnaflux ZR- IA
hydrophilic emulsifier)

3. hinse in water
4. Wet De',eloppr 8 to It rin dwell

Group VI
8 oz/gal (14.09 g/l)
Magnaflux ZP 13A

5. Dry in hot oven

*All group classifications to MI1,-I-25135(C

Note: Specimens were etched for Phase I denmonstration. Phase H1
demonstration was conducted after Phase I demonstration.

BASELINE DEMONSTRATION

All of the AFWAl specimens were suijected to engine simulated environment and then
were subftted to state-of-the-art cleaning and inspection procedures currently being used in
I ISAF/Al,( (lahhe 23. ieferences S and 9).

Baseline denonstrate n inspections resulted in too nuch background fluorescence and
high incidence of false or error calls (detecting a crack where there is really no crack). The
nlmler of trte indications fouMnd by assenlY floor inspectors for Inconel 718 and Ti-iAI-IV
specimens are summarized in ''ahles 26 and 27, respectively. 'The specimens were then
inspected 1) ME&T/NI )E at known flaw locations (Tables 28 and 29), so that the capability if

the baseline demonstration could lhe compared with Phase I and Phase 11 demonstrations. This
was very important since most of' the taws in the AFWAI,-firnished specimens were difficult
to detect after going through engine environment contarnination, state-ol-the-art cleaning
procedures, and Fl'l in overhaul inspection environment.
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TABLE 26. BASELINE FI'1 I)EMONSTRIATION
lNCONEL 718) P&WA/ASSEMBLY

FLOOR INSPECTION RESI''S

Specimen No. True Indication Intensity

34 No Indication
91 No Indication
52 No Indication
15 No Indication
38 No Indication
43 No Indication
74 No Indication

102 No Indication
16 No Indication
79 Light

TABLE 27. BASELINE FPI DEMONSTRATION
(Ti-6AI-4V) P&WA/ASSEMBLY
FLOOR INSPEC'TION RESULTS

Specimen No. 7rue Indication Intensity

27 No Indication
5'3 Bright
40 Bright
It No Indication
23 No Indication
64 No Indication
79 No Indication
24 No Indication
33 No Indication
62 No Indication

TABLE 28. BASELINE F'I )EMONSTRATION
(INCONEI, 718) I)&WA/ME&T/NI)E
RESU ILTS

Specimen No. True Indication Intensity

34 No Indication
91 No Indication
52 No Indication
15 No Indication
38 No Indication
43 No Indication
74 No Indication

102 No Indication
16 Bright
79 Bright
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PHASE I (SURFACE PREPARATION) DEMONSTRATION

All the Inconel 718 specimens were etched with No. 9B etch at 130 0F for 2 min while
Ti-6Al-4V specimens were etched with nitric-hydrofluoric etch at room temperature for 3 min.
The FPI process variables for this demonstration were those used in the baseline demonstra-
tion inspection. The Phase I demonstration had less background fluorescence and fewer false
indications compared to the baseline demonstration, but assembly floor inspection results were
comparable to baseline inspections regarding the number o' true indications. There were no
true indications found by assembly floor inspectors on Inconel 718 specimens, but laboratory
inspections of actual crack locations did show improved FPI capability as a result of etch
procedures. Laboratory inspections revealed six true indications for Inconel 718 compared to
only two true indications seen dluring the baseline demonstration (Tables 28 and :32). For
Ti-6Al-4V, nine true indications were found compared to only two true indications seen during
the baseline demonstration (Tables 29 and 33).

TABLE 29. BASELINE FP1 IDEMONSTRATION
(Ti-6AI-4V) P&WA/ME&T/NDE RE-
SULTS

Specimen No. True Indication Intensity

27 No Indication
53 Bright
40 Bright
11 No Indication
23 No Indication
64 No Indication
79 No Indication
24 No Indication
33 No Indication
62 No Indication

TABLE 30. PHASE I DEMONSTRATION (IN-
CONEL 718) P&WA/ASSEMBLY
FLOOR INSPECTION RESULTS

Specimen No. True Indication Intensity

34 No Indication
91 No Indication
52 No Indication
15 No Indication
38 No Indication
43 No Indication
74 No Indication

102 No Indication
16 No Indication
79 No Indication

*Background fluorescence less than in baseline
demonstration
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TABLE 31. PHASE I DEMONSTRATION
(Ti-6AI-4V) P&WA/ASSEMBLY
FLOOR INSPECTION RESULTS

Specimen No. True Indication Brightness*

27 No Indication

53 Bright
40 Bright
11 No Indication
23 No Indication
64 No Indication
79 No Indication

24 No Indication
33 No Indication
62 No Indication

*Background fluorescence less than in baseline demonstration.

TABLE :32. PHASE I )EMONSTRATION (IN-
CONEL 718) ME&T/NI)E RESULTS

Specimen No. True Indication Brightness*

34 No Indication

91 Medium

52 No Indication
15 Light
38 Light
43 No Indication
74 No Indication

102 Light
16 Bright
79 Bright

TABLE 33. PHASE I DEMONSTRATION
(Ti-6A-4V) ME&T/NDE RESULTS

Specimen No. True Indication Brightness

27 Medium
53 Bright
40 Bright
11 Light
23 Light
64 Light
79 Light
24 Light
33 No Indication
62 Medium
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PHASE II (FPI PROCESS VARIABLES) DEMONSTRATION

All fatigue crack specimens (already etched in Phase 1) were inspected using the modified
FPI procedures outlined in Table 25. Phase 11 demonstration had the least background
fluorescence and highest sensitivity and resolution. More true indications were found using
assembly floor inspection when (two for Inconel 718 and three for Ti-6AI-4V) compared to
those of the baseline and Phase I demonstration (Tables 34 and 35). ME&T/NI)l laboratory
investigations revealed more true indications for Inconel 718 compared to the baseline and
Phase I demonstration (Table 36), but for Ti-6A1-.1V the number of true indications found by
laboratory evaluation (Table 37) was less than the number found during the Phase I
demonstration. This may be due to possibility of over-washing during the Phase II demonstra-
tion on Ti-6AI-4V specimens.

TABLE 34. PHASE II FPI DEMONSTRATION
(INCONEL 718) P&WA/ASSEMBLY
FLOOR INSPECTION RESULTS

Specimen No. True Indication Intensity

34 No Indication
91 No Indication
52 Light

15 No Indication
38 No Indication

43 No Indication
74 No Indication

102 No Indication
16 No Indication
79 Medium

TABLE 35. PHASE II FPI DEMONSTRATION
(Ti-6AI-4V) P&WA/ASSEMBLY
FLOOR INSPECTION RESULTS

Specimen No. True Indication Intensity

27 Bright
53 Bright
40 Bright, Light

11 No Indication
23 No Indication

64 No Indication
79 No Indication
24 No Indication
33 No Indication
62 No Indication
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TABLE 36. PHASE I1 FIPI DEMONSTRATION
(INCONEIL 718) P&WA/ME&T/NDE
RESULTS

Specimen No. True Indication Intensity

34 No Indication
91 Medium
52 Light
15 Light
38 Light
43 Light
74 No Indication

102 No Indication
16 Light
79 Bright

TABLE 37. PHASE II FPI DEMONSTRATION
(Ti-6AI-4V) P&WA/ME&T/NDE RE-
SULTS

Specimen No. True Indication Intensity

27 Bright
53 Bright
40 Bright, Light
11 No Indication
23 Light
64 No Indication
79 No Indication
24 No Indication
33 No Indication
62 Light

FPI capability of the three demonstrations has been summarized in Tahles :38 and :39.
Background fluorescence and number of false indications decreased, going from baseline to
Phase I to Phase 11 demonstrations. Similar results were obtained on AFWAL specimens, some
P&WA-supplied titanium fatigue crack specimens and Inconel 718 coupon samples in the
laboratory before actual demonstrations were conducted using the P&WA/GPI) assembly floor
FPI facility.

TABLE 38. FPI DEMONSTRATION RESULTS ON INCONE1, 718

True Indications Found
Total Number of

Demonstration Bright Medium Light True Indications No Indication

Baseline (PL*) 0 0 1 1 9
Baseline (LAB**) 2 0 0 2 8
Phase I (PL) 0 0 0 0 I0
Phase I (LAB) 2 1 3 6 4
Phase 11 (PL) 0 I 1 2 8
Phase 11 (LAB) 1 1 5 3

.PL: Assembly Floor Production Line Inspection
**LAB: ME&T Laboratory Verification
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TABIE :19. FPI RESLJII'S FOR Ti-6A1-4V

True Indications Found

Total Number of
Demonstration Bright Medium Light True Indications No Indication

Baseline (PL*) 2 0 0 2 8
Baseline (LAB**) 2 0 0 2 8
Phase I (PL) 2 0 0 2 8
Phase I (LAB) 2 2 5 9 1
Phase 11 (PL) 3 0 0 3 7
Phase I1 (LAB) 3 0 2 5 5

*Pl: Assembly Floor Production Line Inspection
*LAB: ME&T Laboratory Verification
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SECTION VI

CONCLUSIONS

Phase I of the program provided for the definition, evaluation, and optimization of
surface preparation procedures for FPI of Ti-6AI-4V and Inconel 718 in an engine overhaul
inspection environment. This phase included an investigation of the effects of surface prepara-
tion procedures on subsequent FPI capability as well as initial assessments of the effects of'
these procedures on the structural integrity of engine components, resulting in the following
important observations:

1. Surface preparation procedures vary greatly between different overhaul
facilities.

2. Aircraft engine operating environment causes significant reduction in
capability of overhaul Fluorescent Penetrant Inspection (FPI).

:1. Some current surface preparation procedures of engine components prior
to FPI in an overhaul facility are inadequate and can degrade overhaul
FP1 capability.

4. Some current chemical cleaning procedures cause selective etching of
engine components and may adversely affect structural integrity of these
components.

5. Suitable chem-milling processes have been developed for Inconel 718 and
Ti-6AI-4V alloys. Limited testing results indicate no degradation in me-
chanical properties due to (he use of these etches.

6. Surface preparation procedures should be investigated in detail fior their
effects on mechanical properties.

7. Chem-mill etches increase FP1 capability on surfaces subjected to abrasive
mechanical processes such as grit blasting.

Phase If provided for evaluation and optimization of FPI process variables other than
surface preparation procedures. Penetrant dwell time, emulsifier (hydrophilic) concentration.
emulsification time, type of developer, etc., were chosen as significant process variables,
resulting in the following imp)ortant observations.

1. Penetrant dwell time of :10 min for (roup VI MII,-1-25135C IMagnaflux
ZL-35) provided optimum sensitivity.

2. A 33', concentration of Group VI MI,-I-251 35C (Magnaflux ZR-It)
emulsifier with 2-riin emulsification dwell provided optimum conditions
for excess penetrant removal.

:1. Wet soluble developer provided much better sensitivity and reliability
compared to a dry developer.

4. Stress-enhanced F15 l resulted in much higher sensilivity and reliability
compared to standard FPI.

Note: These observations were made for detection of small fatigue cracks initiated in smot)h, flat slHecimens

49



REFERENCES

".*Reliability of' Nondestructive Inspection (NDI) of' Aircraft Engine Components," Final
Report on Phase 1, Ward 1). Rummel, Martin-Marietta, SAALC/MME MCR 79-678.

2. -Reliability of NDI on Aircraft Structures," Lockheed-Georgia/Air Force Program
AFLC/SAALC/MME 76-6-:38-1.

:3. "Principles of Penetrants," C. E. Betz, Magnaflux Corporation, Chicago, Illinois, 1969,
Chapter 6, pp 104-128.

4. "Liquid Penetrant Inspection," Nondestructive Inspection and Quality Control, Metals
Handbook, '.,) 11, ASM, Metals Park, 1976, pp 20-44.

5. "Cleaning of Gjas Turbine Engines and Parts," USAF Technical Manual, T.O. 2J-1-13.

6i. "High Temperatutre Penetrant Inspection," A. G. Sherwin, Materials Evaluation, October
1976. P1) 213-218.

7. "Disk Residual Lif'e Studies," Part 11 of AFWAL/P&WA Final Report
AFMI-TR-79-4 173.

8. UJSAF T.O. 2.J-TF39-3, Table 5-1.

9. NAVAIR 02-1-517/'l>O. 2-1-li I/l)MWR 55-2800-206, also letter from Richard A.
Shanaban, Specialized Engineering Branch, Engineering D~ivision, 1)/MM of' OC/AIA' to
Steve Cargill, P&WA/GPD, dated 7 May 1980 on Cleaning and FPI Procedure f'or
Inconel 718 and Ti-6Al-4V.

50
*Ui.S.Govornment Printing office: 1981 -757-002/392



DIC


